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’ INTRODUCTION

Metal�organic frameworks (MOFs) are crystalline porous
materials whose structure is composed of metal-oxide units
joined by organic linkers through strong covalent bonds. These
materials exhibit high surface areas (up to 6500 m2 g�1) and high
pore volumes (1�2 cm3 g�1) and are of considerable interest for
many potential applications.1,2 However, because of their micro-
porosity (generally, pore size of <2 nm), the potential applica-
tions of these materials are limited. To overcome this limitation,
as in the case of microporous zeolites,3,4 one can either create
mesopore channels within MOF crystals or reduce the crystal to
nanosize. Attempts have been made to synthesize porous MOFs
with large pore diameters in the range of 2�50 nm.5�7 For
example, MIL-1015 and UMCM-26 exhibit mesoporous beha-
vior, owing to mesoporous cages found throughout the struc-
tures; however, the mesopores are often restricted by small
apertures that prohibit large molecules from accessing the space
inside. Increasing the length of the organic linker is another
option, but with few exceptions,8 MOFs built up from long
linkers tend to collapse upon guest removal9 or form catenated
structures.10 Recently, the synthesis of hierarchically micro- and
mesoporous MOF materials in an ionic liquid/supercritical
CO2/surfactant emulsion system was reported.11 These materi-
als combine advantages of both meso- and micropores and have
potential applications in gas separation and catalysis.

Recently, nanoscale MOF crystals have emerged as important
candidates with a significant impact for drug delivery,12 biome-
dical imaging applications,13,14 chemical sensing,15 and gas

separation,16 owing to easier transport of guest molecules
through nanosize, short diffusion pathways and exposed active
sites within MOF nanocrystals.17,18 Furthermore, the external
surface of MOF nanocrystals also offers the ability to functiona-
lize core�shell nanostructures for biomedical sensing and
imaging.19 The adsorbate-induced structural flexibility of some
MOFs, in which the unit cell parameters can vary significantly
when the guests are adsorbed within their pores, enables the
induction of stress at the interfaces between MOF thin film and
second material. This behavior yields a signal transduction for
chemical detectors.15 The tunable and amenable nature of pores
within MOFs by the judicious choice of metal clusters and
organic linkers offers a potential application for selective gas
separation.20

Even though different methods have been developed for the
syntheses of crystalline nanosized MOFs, including water-in-oil
microemulsions,21,22 surfactant-mediated hydrothermal syntheses,23

sonochemistry,24 microwave-assisted routes,12,25 and coordina-
tion modulation,26,27 the precise control over the size and shape
still remains a challenge. For example, the microwave- and
ultrasound-assisted approach allows for fabrication of MOF
nanocrystals for a short period by heating reaction mixtures
under microwave irradiation.12,24 Although this method is simple
and environmentally friendly, it is difficult to tune the size and
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shape of the resulting nanocrystal. In the presence of a surfactant
under microwave heating, the synthetic procedure can also alter
serendipitously the morphologies of MOF nanocrystals.25 Using
the surfactant-mediated synthetic method, Uemura et al. indicate
that organic polymers can be used as inhibitors for the synthesis
of coordination polymer nanoparticles,23 because the protecting
polymers can coordinate weakly with metal ions to provide steric
stabilization that allows for the formation of nanoparticles. In the
case of the reverse-phase microemulsion-based methodology,
surfactant molecules can be used for the formation of micro-
emulsion nanodroplets containing metal ions and linkers.21 The
nanodroplets act as microreactors for the formation of MOF
nanopaticles. Although this method enables the tuning of the size
and shape of nanocrystals by adjusting reaction conditions, it
usually leads to the aggregation of the nanocrystals. In some
cases, using the reverse-phase microemulsion at room tempera-
ture, only amorphous material is produced.14 The coordination
modulation using capping reagents (modulators) with the same
functionality of organic linkers enables the impeding of co-
ordination interactions between metal ions and organic linkers
to fabricate MOF nanocrystals.26,27 This modulation allows for
the control of the rate of framework extension and crystal
growth. Carboxylate-based MOF nanocrystals, such as nano-
sizedMOF-5 colloids26a and [Cu2(ndc)2(dabco)n] nanorods (ndc =
1,4-naphthalenedicarboxylate, and dabco = 1,4-diazabicyclo-
[2.2.2]octane),27 are prepared using monocarboxylic acids (p-
perfluoromethylbenzenecarboxylate) and acetic acid as modula-
tors, respectively.

In this study, we report a new approach for the size-controlled
synthesis of uniform carboxylate-based MOF nanocrystals with
high crystallinity using simultaneously the non-ionic triblock co-
polymer and acetic acid. In this approach, alkylene oxide
segments of triblock co-polymer poly(ethylene oxide)�poly-
(propylene oxide)�poly(ethylene oxide) (PEO�PPO�PEO)
that can coordinate with metal ions28 play a crucial role in
yielding MOF nanocrystals. Acetic acid owning carboxylic func-
tionality that enables the tuning of the rate of the deprotonation
of the carboxylic linkers allows us to not only control rationally
the size of theMOFnanocrystals but also obtain high crystallinity.
Fe�MIL-88B�NH2 [Fe3O(H2N-BDC)3, with H2N-BDC =
2-aminoterephtalic acid] as an iron-based MOF nanocystal is
selected to illustrate our approach, because this iron-based
MOF material is recognized as having a nontoxic nature, highly
flexible framework and drug adsorption capacity, and controlled
delivery of drugs in the human body.12 Fe�MIL-88B�NH2 nano-
cystals are obtained from iron salts [FeCl3 or Fe(NO3)3], 2-
aminoterephtalic acid, acetic acid, Pluronic F127, and water as
synthetic medium. This approach is also expected to achieve
other members of MOFs.

’EXPERIMENTAL SECTION

Chemicals.FeCl3 36H2O(Aldrich, 97%), Fe(NO3)3 39H2O(Aldrich,g
98%), H2N-BDC (Aldrich, 99%), Pluronic F127 (EO97PO69EO97, with
an average Mn = 12 600, Aldrich), and CH3COOH (Fisher, 99.7%)
were obtained. All chemicals were used as received without further
purification.
Synthesis of Fe�MIL-88B�NH2 Nanocrystals. The size-con-

trolled synthesis of Fe�MIL-88B�NH2 nanocrystals was accomplished
using a hydrothermal route with FeIII salt and 2-aminoterephthalic acid
as the metal source and organic linker, respectively, with Pluronic F127
and acetic acid. The reactionmixtures withmolar ratios of 1:0.5:1255:x:y

Fe3+/H2N-BDC/H2O/F127/CH3COOH were crystallized for 24 h at
110 �C. The x value (F127/Fe3+ molar ratio) and y value (CH3COOH/
Fe3+ molar ratio) were altered to control the size of nanocrystals. In a
typical synthesis, 0.16 g of F127 (x = 0.02) was dissolved in 13.34 mL of
deionized water and a volume of 1.66 mL of 0.4 M aqueous solution of
FeCl3 3 6H2O (0.66 mmol) was poured into this surfactant solution. The
resulting solution was stirred for 1 h before 0.3 mL of acetic acid (y = 8)
was injected. After stirring for an additional 1 h, 60 mg (0.33 mmol) of
H2N-BDC was added. The reaction mixture was stirred for 2 h before
transferring into an autoclave for the crystallization. The dark brown
solid product was recovered and washed several times with ethanol by
centrifugation to remove the surfactant and excess reactants. To
investigate the effect of the F127/Fe3+ molar ratio (x value) and
CH3COOH/Fe

3+ molar ratio (y value) on the crystal size, the x and y
values were tuned from 0.01 to 0.16 and from 0 to 16, respectively. The
yield of the reactions was approximately 61% based on H2N-BDC. For
comparison, the Fe�MIL-88B�NH2 microcrystals were also prepared
under the same synthetic conditions, except that both F127 and acetic
acid were not added.29

Characterization Methods. Transmission electron microscopy
(TEM) images were obtained using a JEOL JEM 1230 microscope
operating at 120 kV. Samples for TEMmeasurements were prepared by
depositing a drop of the dispersions of the products in absolute ethanol
onto carbon-coated copper grids (200 mesh). The excess of the solvent
was wicked away with filter paper, and the grids were dried in air. The
mean sizes of nanocrystals were determined from statistic distributions
evaluated according to TEM images on 100 particles. Scanning electron
microscopy (SEM) images were taken on a JEOL 6360 instrument at an
accelerating voltage of 3 kV. Powder X-ray diffraction (XRD) patterns
were collected on a Bruker SMART APEX II X-ray diffractometer with
CuKα radiation (λ= 1.5406 Å) in the 2θ range of 5�20� at a scan rate of
1.0�min�1. All samples were dried at 100 �C overnight to remove guest
solvent molecules within the pores before the XRD scan. Fourier
transform infrared (FTIR) spectra were recorded on a FTS 45 spectro-
photometer in the spectral range of 4000�400 cm�1 using the KBr disk
method. Thermogravimetric analysis (TGA) was carried out with a TGA/
SDTA851e thermogravimetric analyzer from room temperature to 600 �C
with a heating rate of 5 �C min�1 under an air flow of 50 mL min�1.
ζ-Potential measurements were performed with a Zetasizer Nano ZS in
water at 25 �C.

’RESULTS AND DISCUSSION

Different stages for the synthesis of Fe�MIL-88B�NH2 (i)
without and (ii) with triblock co-polymer F127 and (iii) with the
simultaneous presence of Pluronic F127 and acetic acid in the
synthetic mixture were studied to illustrate the role of F127 and
acetic acid in the control over the size of Fe�MIL-88B�NH2.
Figure 1 shows electron microscopy images of Fe�MIL-88B�
NH2 samples prepared without and with triblock co-polymer
F127. In the synthesis without Pluronic F127, using the method
described in ref 29, Fe�MIL-88B�NH2 microsized crystals
were produced from an aqueous reaction mixture of FeCl3 3 6
H2O and H2N-BDC, with the morphology of bipyramidal
hexagonal prism and size of 3.5 μm in length and 1.2 μm in
width (Figure 1a). Under the same synthetic conditions, how-
ever, in the presence of triblock co-polymer F127, Fe�MIL-88B�
NH2 nanocrystals were obtained. Even though the particle size
decreases frommicro- to nanometers in the presence of F127, the
morphology of the bipyramidal hexagonal prism still remains
unchanged (panels a and b of Figure 1).12,30 Furthermore, when
the F127/Fe3+ molar ratio varies from 0.01 to 0.04, no significant
change in the size of nanocrystals was found (panels b�d of
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Figure 1); the average size of the nanocrystals is 50 ( 5 nm in
length and 30( 5 nm in width. However, when themolar ratio of
F127/Fe3+ in the synthetic mixture was above 0.04 (i.e., F127/
Fe3+ = 0.08 and 0.16), TEM images of these samples exhibit non-
uniform nanoparticles. Some big nanocrystals besides small
nanocrystals were observed (panels e and f of Figure 1). These
results indicate that the triblock co-polymer F127 surfactant
plays some role in the preparation of Fe�MIL-88B�NH2

nanocrystals. However, the size of nanocrystals could not be
controlled by adjusting the amount of F127 in the synthetic
mixture.

To control the size of Fe�MIL-88B�NH2 nanocrystals, both
Pluronic F127 and acetic acid (CH3COOH) were introduced
into the reaction mixtures. The simultaneous presence of acetic
acid and the F127 surfactant in the synthetic solution strongly
influences the size and aspect ratio of the bipyramidal hexagonal
prism of Fe�MIL-88B�NH2 nanocrystals. In this study, the
F127/Fe3+ molar ratio was kept unchanged (x = 0.02); however,
the CH3COOH/Fe

3+ molar ratio (y value) varies from 4 to 16.

Figure 2 shows representative TEM images of Fe�MIL-88B�
NH2 samples obtained from different CH3COOH/Fe3+ molar
ratios with the same F127/Fe3+ molar ratio of 0.02. Interest-
ingly, the size and aspect ratio of the resulting nanocrystals
increase with an increase of the amount of CH3COOH added
in the synthetic mixture. At a low CH3COOH/Fe3+ molar ratio
(y e 4), no significant difference in the size and shape of the
nanocrystals was observed (Figure 2a), as compared to those of
the nanocrystals prepared without acetic acid (Figure 1c). How-
ever, with an increase of the CH3COOH/Fe

3+molar ratio from 4
to 8 and to 16, the size of nanocrystal products increases rapidly
from 50( 5 to 150( 10 and to 500( 10 nm in length and from
30( 5 to 60( 10 and to 150( 10 nm in width, respectively; the
aspect ratio (length/width) increases from 1.5 to 3.5. The same
trend was also observed when Fe(NO3)3 3 9H2O was used as a
metal source instead of FeCl3 3 6H2O (see Figures S1 and S2 of
the Supporting Information). On the contrary, when the
CH3COOH/Fe

3+ molar ratio was kept unchanged (y = 0.04)
but the F127/Fe3+ molar ratio (x value) varied from 0.01 to 0.04,
the size and shape of the nanocrystals are almost unchanged (see
Figure S3 of the Supporting Information). This behavior is
similar to that for the case without acetic acid.

Therefore, adjusting the molar ratio of CH3COOH/Fe
3+

allows for the control of the size of the nanocrystals. It is obvious
that, with a high CH3COOH/Fe

3+ molar ratio (y g 8) in the
synthesis mixture, highly well-defined morphologies and isolated
Fe�MIL-88B�NH2 nanocrystals were obtained. This also sug-
gests that a high concentration of acetic acid favors the formation
of well-defined crystalline nanocrystals.

In the previous research27 on the synthesis of carboxylate-
based MOF nanocrystals via coordination modulation using
acetic acid as the capping reagent (in the absence of the F127
surfactant), the presence of acetic acid allows for the formation of
[Cu2(ndc)2(dabco)n] nanorods and the higher concentration of
acetic acid leads to the smaller width of the nanorods. In that case,

Figure 2. TEM images of Fe�MIL-88B�NH2 nanocrystal samples prepared with the same F127/Fe3+molar ratio of 0.02 (x = 0.02) for all experiments
at different CH3COOH/Fe

3+ molar ratios (y = CH3COOH/Fe
3+): (a) y = 4, (b) y = 8, (c) y = 12, and (d) y = 16 (Inset: distributions of the width and

aspect ratio of nanocrystals).

Figure 1. Representative electron microscopy images of different
Fe�MIL-88B�NH2 samples. (a) SEM image of Fe�MIL-88B�NH2

microcrystals. (b�f) TEM images of Fe�MIL-88B�NH2 nanocrystals
prepared from different F127/Fe3+ molar ratios: (b) x = 0.01, (c) x =
0.02, (d) x = 0.04, (e) x = 0.08, and (f) x = 0.16.

http://pubs.acs.org/action/showImage?doi=10.1021/la203570h&iName=master.img-001.jpg&w=360&h=239
http://pubs.acs.org/action/showImage?doi=10.1021/la203570h&iName=master.img-002.jpg&w=235&h=104
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acetic acid competes with the dicarboxylic linker (1,4-naphtha-
lene dicarboxylic acid) to coordinate with dicopper clusters to
create nanocrystals. A larger amount of acetic acid can passivate a
larger fraction of external surface area, resulting in smaller
nanocrystals. On the contrary, in this work, for the synthesis of
Fe�MIL-88B�NH2 crystals, the presence of acetic acid
(without the F127 surfactant) in the synthetic mixture led to
the formation of Fe�MIL-88B�NH2 microsized crystals (see
Figure S4 of the Supporting Information). This could be mainly
due to the difference in the synthesis medium: the aqueous
medium for Fe�MIL-88B�NH2 instead of the organic solvent
for [Cu2(ndc)2(dabco)n].

Furthermore, in the simultaneous presence of F127 and acetic
acid, nanosized Fe�MIL-88B�NH2 crystals were obtained. The
nanosize of Fe�MIL-88B�NH2 increases with a increase of the
concentration of acetic acid in the synthetic mixture. These
results suggest a different behavior of acetic acid in the formation
of the Fe�MIL-88B�NH2 crystals in the presence of the F127
surfactant. In this case, triblock co-polymer F127 plays an
important role in the formation of MOF nanocrystals because
of its ability to coordinate with metal ions,28 while acetic acid
tailors the size of nanocrystals by controlling the deprotonation
of carboxylic linkers during synthesis.

Figure 3 shows the powder XRDpatterns for the Fe�MIL-88B�
NH2 nanocrystal samples prepared with various molar ratios
of CH3COOH/Fe

3+ (y = 0�16) in the presence of surfactant
F127 (F127/Fe3+ = 0.02) and the microcrystal sample prepared
in the absence of both triblock co-polymer F127 and acetic acid.

As a reference, the simulated XRD pattern for the chromium-
(III)-based MIL-88B structure (denoted as Cr�MIL-88B) cre-
ated from the crystallographic information file (CIF) is also
present.31 As seen in Figure 3, the XRD reflections of the
nanocrystal samples match those of the simulated XRD pattern
of Cr�MIL-88B, readily indexing hexagonal space group P63/mmc
of the MIL-88B structure of the synthesized nanocrystals.29,31,32

On the basis of the Bragg peak positions, the calculated unit cell
parameters of the dried forms of all nanocrystals are a∼ 9.7 Å and
c ∼ 19.0 Å, which are similar to those of the anhydrous form of
Cr-MIL-88B (a∼ 9.6 Å, and c∼ 19.1 Å).31,33 The intensity of the
diffraction peaks for the nanocrystals increases with an increasing
CH3COOH/Fe

3+ molar ratio, suggesting that, with a higher
amount of acetic acid in the synthetic mixture, a higher crystallinity
of the samples can be obtained. This is consistent with the morpho-
logies observed by TEM images. This also suggests the role of acetic
acid in the improvement of the crystallinity of the nanocrystals.

The XRD pattern for the Fe�MIL-88B�NH2 microcrystals
exhibits the diffraction peak with the highest intensity at 2θ of
12.2. It is noted that the slight discrepancies in intensity and the
2θ position of the reflections are due to the structural flexibility of
MIL-88B.29,30,33 Because of the structural flexibility, the guest
species (organic and/or inorganic species) in the pore channels
can lead to the motions of the skeleton accompanied by the
position shift as well as the change in intensity of the reflections.
Themagnitude of the motion is strongly affected by the degree of
pore-filling and the nature of the guests.33�35 Generally, it is
difficult to remove completely guest molecules within the pore
channels of large MOF crystals (microsize) compared to those in
small MOF crystals (nanosize), because of longer diffusion
pathways. Furthermore, the shifted position of the reflections,
as seen in Figure 3, is presumably attributed to the effect of the
crystal size of Fe�MIL-88B�NH2.

Figure 3. Powder XRD patterns for Fe�MIL-88B�NH2 nanocrystal
samples prepared at different molar ratios of CH3COOH/Fe

3+ (y =
CH3COOH/Fe

3+) in the presence of surfactant F127 (F127/Fe3+ =
0.02) and the microcrystals prepared in the absence of both surfactant
F127 and acetic acid. The simulated XRD pattern for the chromium-
(III)-based MIL-88B structure created from CIF is also present.31

Figure 4. FTIR spectra of Fe�MIL-88B�NH2 nanocrystals prepared
(a) in the presence of both Pluronic F127 and acetic acid with the F127/
Fe3+ molar ratio of x = 0.02 and CH3COOH/Fe

3+ of y = 8, (b) in the
presence of Pluronic F127 (x = 0.02) and absence of acetic acid, (c)
microcrystals, and (d) free 2-aminoterephthatic acid.

http://pubs.acs.org/action/showImage?doi=10.1021/la203570h&iName=master.img-003.jpg&w=235&h=282
http://pubs.acs.org/action/showImage?doi=10.1021/la203570h&iName=master.img-004.jpg&w=230&h=238
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To identify the presence of amino groups in the resulting
nanocrystals, FTIR spectra for different Fe�MIL-88B�NH2

samples were recorded. Curves a and b of Figure 4 show FTIR
spectra for the nanocrystal samples prepared in the presence of
both Pluronic F127 (F127/Fe3+ = 0.02) and acetic acid
(CH3COOH/Fe

3+ = 8) and in the presence Pluronic F127,
however, in the absence of acetic acid, respectively. For compar-
ison, FTIR spectra for the Fe�MIL-88B�NH2 microcrystals
(Figure 4c) and free 2-aminoterephthalic acid linker (Figure 4d)
are also presented. In general, the samples of Fe�MIL-88B�
NH2 nano- and microcrystals exhibit similar FTIR spectra
(curves a�c of Figure 4). Two bands at around 3490 and
3370 cm�1, which are attributed to the symmetric and asym-
metric stretching absorptions of primary amine groups, were
observed. These FTIR bands correspond to those of free
2-aminoterephthalic acid (Figure 4d), indicating the amino
groups in the nanoscale MOF crystals.36 No band at around
1700 cm�1 that is characteristic of protonated carboxylic groups
was observed in curves a and b of Figure 4, suggesting the absence

of protonated carboxylic groups (because of acetic acid) in the
nanocrystals.37 This also indicates that most acetic acid was
removed from the nanocrystals upon washing. It can be con-
cluded that the introduction of acetic acid during the synthesis
did not affect amine groups in the nanocrystal products.

To identify the presence of the surfactant on the surface of the
nanocrystal products after the synthesis, ζ-potential measure-
ments were carried out in the neutral aqueous solution (pH∼7)
for a series of Fe�MIL-88B�NH2 nanocrystals prepared with
different CH3COOH/Fe

3+ molar ratios in the presence of the
F127 surfactant before washing (i.e., the product obtained after
removing the mother liquors without further purification) and
after washing with ethanol. The ζ-potential curves of these
samples are shown in Figure 5. Before washing, in aqueous
solution (at pH ∼7), for all samples, no charge essential on the
surface of nanoparticles was observed. The ζ potential of these
samples is close to the zero point of charge (ZPC) (Figure 5A).
No charge before washing could be attributed to non-ionic co-
polymer F127 capped on the nanocrystal surface. However, upon
washing several times with ethanol, in the aqueous solution at the
same pH∼7, these samples exhibit negative charges, which vary
in the range of �41 and �51 mV (Figure 5B). The Fe�MIL-
88B�NH2 structure [Fe3O(solvent)3Cl(NH2-BDC)3 3msolvent]
is constructed from the trimers of μ3-O-bridged FeIII octahedra
[Fe3O(COO)6], which are connected by 2-aminoterephtalic
acid. Each FeIII trimer needs a Cl� counteranion to maintain
electric neutrality. Chlorine anions are attributed to such a
negative potential. This also indicates that most of the surfactant
was removed from the particle surface upon washing.

TGA and derivative thermogravimetric (DTG) curves of the
Fe�MIL-88B�NH2 nanocrystal sample prepared with the
CH3COOH/Fe

3+ molar ratio of 8 and F127/Fe3+ molar ratio
of 0.02 before and after washing are shown in Figure 6. Both
samples exhibit similar TGA�DTG profiles, but some results
show the presence of the surfactant in the material before
washing. The TGA curves exhibit a major weight loss in the
range of 200�400 �C with two maximum peaks at 254 and
298 �C (see DTG curves). The former is consistent with the
decomposition temperature of Pluronic F127,38 implying the
presence of the F127 surfactant in the materials. The latter is

Figure 5. ζ-Potential distributions in aqueous solution at pH ∼7 of a
series of Fe�MIL-88B�NH2 nanocrystals prepared from FeCl3 3 6H2O
with different CH3COOH/Fe

3+ molar ratios (y = CH3COOH/Fe
3+) at

the same F127/Fe3+ molar ratio of 0.02 (x = 0.02) (A) before and (B)
after washing.

Figure 6. TGA curves (solid) and their first DTG curves (dotted) for
Fe�MIL-88B�NH2 nanocrystals prepared with the CH3COOH/Fe

3+

molar ratio of y = 8 and the F127/Fe3+ molar ratio of x = 0.02 before
(red) and after (blue) washing.

http://pubs.acs.org/action/showImage?doi=10.1021/la203570h&iName=master.img-005.jpg&w=240&h=393
http://pubs.acs.org/action/showImage?doi=10.1021/la203570h&iName=master.img-006.jpg&w=234&h=168
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attributed mainly to the MOF structure decomposition.39 It is
noted that the intensity of the peak at 254 �C and the weight loss
in the temperature range of 200�265 �C for the Fe�MIL-88B�
NH2 nanocrystals before washing are much higher than those for
this nanocrystal after washing, suggesting that most of the F127
surfactant was removed. The difference in the weight loss of this
sample before and after washing was about 10 wt %.

The size-controlled formation of Fe�MIL-88B�NH2 nano-
crystals in the presence of Pluronic F127 and acetic acid can be
explained by the fact that the alkylene oxide segments of the
triblock co-polymer enable the weak coordination with metal
ions.28 Therefore, the presence of the triblock co-polymer leads
to the stabilization of MOF nuclei at the early stage of the
synthesis. The subsequent crystal growth may involve the
Ostwald ripening at the expense of metal ions and linkers as
well as smaller nanoparticles to yield MOF nanocrystals. The
formation of large nanoparticles at the cost of small nanoparticles
is presumably due to the energy difference between large and
small nanoparticles.40 Besides, the nucleation and growth of
MOF nanocrystals could occur within the mesophases of F127
that act as nanoreactors.41 Furthermore, the nucleation and
crystal growth can be affected by the presence of acetic acid.
There is indeed a competitive interaction of dicarboxylic linkers
and acetic acid with iron ions during the nucleation and crystal
growth processes. It is shown that the formation of carboxylate-
based MOFs is primarily dependent upon the degree of depro-
tonation of carboxylic linkers.26a The amount of acetic acid could
control the degree of deprotonation of carboxylic linkers. A
higher CH3COOH/Fe

3+ molar ratio (i.e., a higher concentration
of acetic acid) leads to a lower degree of deprotonation of the
H2N-BDC linker, and thus, the rate of nucleation and crystal
growth could be slower, resulting in bigger MOF nanocrystals.22,42

The size-controlled fabrication of Fe�MIL-88B�NH2 nano-
crystals is illustrated by Scheme 1.

Upon adding H2N-BDC (linker molecules) into the aqueous
solution containing the F127 surfactant and iron(III) salt, even at
room temperature, dark precipitates immediately appeared,
indicating a rapid formation of Fe�MIL-88B�NH2 framework
units, whereas this phenomenon was not observed in the reaction
mixture without F127 under the same synthesis conditions. In
the presence of acetic acid, a slower change in color from yellow
for the linkermolecules to dark forMOF species in the early stage
was also observed because of the slow cost of linker molecules for
the MOF formation.

The aspect ratio of nanocrystals is also controlled by the acetic
acid concentration. The aspect ratio increases with an increase of
the molar ratio of CH3COOH/Fe

3+ (Figure 2). At a molar ratio

of CH3COOH/Fe
3+ equal or higher than 8, the growth of

nanocrystals along the [001] direction corresponding to the
length of nanocrystals is preferable.30 Because all 2-aminoter-
ephthalic acidmolecules are oriented along the [001] direction,30

the interaction between metal ions and the carboxylic groups of
linker molecules along the [001] direction is more favorable than
others, resulting in faster growth. However, at low concentrations
of acetic acid or without acetic acid in the presence of the triblock
co-polymer F127 surfactant, no significant change in the size and
aspect ratio of the nanocrystals is observed even with high F127
concentrations (Figure 1), indicating the same effect of the F127
surfactant in all directions during the crystal growth.

’CONCLUSION

We have demonstrated a new route to the synthesis of
Fe�MIL-88B�NH2 nanocrystals with controlled sizes and
aspect ratios using simultaneously the triblock co-polymer and
acetic acid in the synthetic mixture. The alkylene oxide segments
of the triblock co-polymer enable the coordination with metal
ions and stabilization of MOF nuclei in the early stage and have a
key role in yielding uniform MOF nanocrystals. The size and
aspect ratio of nanocrystals can be adjusted by altering the
amount of acetic acid in the synthetic mixture. Acetic acid can
control the degree of deprotonation of carboxylic linkers. A
higher concentration of acetic acid leads to a lower degree of
deprotonation of the H2N-BDC linker and, thus, a lower rate of
nucleation and crystal growth, resulting in larger MOF nano-
crystals. This allows for the tailoring of the crystal size from a few
tenths to a few hundredths of nanometers and the aspect ratio.
We believe that this approach can be extended to other car-
boxylate-based MOF nanocrystals. These nanocrystal materi-
als have potential applications in different fields, such as
catalysis, chemical sensors, and related advanced nanodevices,
because of the nanoscale size, short diffusion pathways, and
more exposed active sites.

’ASSOCIATED CONTENT

bS Supporting Information. TEM images (Figure S1),
XRD pattern of Fe�MIL-88B�NH2 nanocrystals prepared from
Fe(NO3)3 3 9H2O (Figure S2), TEM images of Fe�MIL-
88B�NH2 nanocrystals prepared at the same CH3COOH/Fe

3+

molar ratio with different F127/Fe3+ molar ratios (Figure S3),
and SEM image of the microcrystals prepared from the synthetic
mixture containing FeCl3 3 6H2O, H2N-BDC, and acetic acid

Scheme 1. Schematic Representation for the Size-Controlled Fabrication of Fe�MIL-88B�NH2 Nanocrystals

http://pubs.acs.org/action/showImage?doi=10.1021/la203570h&iName=master.img-007.jpg&w=300&h=120
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(CH3COOH/Fe
3+ = 8) (Figure S4). This material is available

free of charge via the Internet at http://pubs.acs.org.
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Figure S1. TEM images of Fe-MIL-88B-NH2 nanocrystals prepared from Fe(NO3)3.9H2O at different 

molar ratios of CH3COOH/Fe
3+

 (y = CH3COOH/Fe
3+

), while keeping the same F127/Fe
3+

 molar ratio of 

0.02 (x = 0.02): (a) y = 0, (b) y = 8, (c) y = 12 and (d) y = 16.  
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Figure S2. Powder XRD pattern for Fe-MIL-88B-NH2 nanocrystals prepared from Fe(NO3)3.9H2O at 

CH3COOH/Fe
3+

 = 12 and F127/Fe
3+

 = 0.02 (red line), and the simulated XRD pattern for chromium 

(III)-based MIL-88B structure (blue line).  

 

 

 

 

Figure S3. TEM images of Fe-MIL-88B-NH2 nanocrystals prepared at the same CH3COOH/Fe
3+

 molar 

ratio of 4 (y = 4) with different F127/Fe
3+

 molar ratios: (a) x = 0.01, (b) x = 0.02 and (c) x = 0.04. The 

scale bar is 100 nm. 
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Figure S4. SEM image of Fe-MIL-88B-NH2 micro-crystals prepared from the synthetic mixture 

containing FeCl3.6H2O, H2N-BDC and acetic acid (CH3COOH/Fe
3+

 = 8) without F127 surfactant.  

 

 


